Along with the many benefits of urban agriculture comes the possible exposure to contaminants not typically seen in rural soils. Through the use of standard laboratory analyses (ICP-AES and CVAAS) and a field-portable X-ray fluorescence spectrometer (XRF) calibrated for soil analysis, this study quantified contamination levels at urban agricultural sites throughout New Orleans, Louisiana. The results of the standard laboratory analyses were compared to the results from the XRF. We collected soil samples at 27 urban and suburban farm and garden sites from the Greater New Orleans area. We analyzed the soil samples for arsenic, cadmium, chromium, cobalt, copper, mercury, lead, nickel, and zinc using the XRF and standard methods. Most sites had median concentrations significantly below Louisiana's soil standards. Paired soil samples showed XRF results were significantly higher than laboratory results for all metals but copper. Only lead (ρ=0.82, p<0.0001) and zinc (ρ=0.78, p=0.0001) were highly correlated. Poor correlation of results between XRF and standard methods make the standard methods preferred.
contaminants throughout the city (Rabito, Iqbal, Perry, Arroyave, & Rice, 2012; Rotkin-Ellman, Solomon, Gonzales, Agwaramgbo, & Mielke, 2010) . A study focused on arsenic concentrations sampled within 10 months after the hurricane showed that post-flood soil concentrations of arsenic increased on average by 19.7 ppm (RotkinEllman, Solomon, Gonzales, Agwaramgbo, & Mielke, 2010) . Information on lead contamination is mixed. In one study, lead levels in many areas were found to have decreased after the flooding due to a less-contaminated sediment layer covering up older and more contaminated layers (Natural Resources Defense Council [NRDC] , 2011). Another study showed that 61.4% of residential yards sampled after the flood had at least one sample that exceeded the federal soil lead standard. The study also showed that, compared to pre-flood measurements, the median lead levels increased by 37.2 percent (Rabito et al. 2012) .
Because of the potential for soil contamination, the U.S. Environmental Protection Agency (U.S. EPA) stresses the importance of testing soil before performing any urban agriculture (U.S. EPA, Office of Superfund Remediation and Technology Innovation, 2011). Kim et al. (2014) found that while many gardeners had a wide range of information on soil contamination and testing, some expressed concern that many gardeners are not aware that testing should be done prior to growing. Furthermore, for those growers that are interested in testing, there are limited testing options available in New Orleans. The Louisiana State University (LSU) Agricultural Center Extension for Orleans Parish offers soil testing through the LSU AgCenter Soil Testing and Plant Analysis Center. Sampling information and kits are available in every parish through the local agricultural extension program; however, these kits only test for soil nutrient content and pH, not for contamination (LSU AgCenter, n.d.). The Centers for Disease Control and Prevention (CDC) and the Agency for Toxic Substances and Disease Registry (ATSDR) provide soil contamination information and screening through their soilSHOP program. However, the soilSHOP program is currently only operating in 13 states, Washington, D.C., and Puerto Rico (ATSDR, n.d.).
The purpose of this study is to quantify the levels of soil contamination at urban agricultural sites in New Orleans. Although widespread contamination in New Orleans has been documented, environmental contamination is still highly variable at both the citywide scale and at individual sites (Mielke et al., 2004; Romic & Romic, 2003) . This study examines arsenic, cadmium, chromium, cobalt, copper, lead, mercury, nickel, and zinc; These substances are all soil contaminants of concern to human health (Bruker, n.d.) .
We compared two analytical methods that quantify metal contamination in soil: Inductively coupled plasma-atomic emission spectrometry (ICP-AES) and an analysis using an X-ray fluorescence spectrometer (XRF). ICP-AES is one of the EPA's standard methods for metal analysis in soils. However, ICP-AES does have several drawbacks. It is relatively expensive, potentially costing hundreds of dollars per sample depending on the number of analytes, and can take days to weeks to receive results.
A newer analytical instrument that is not currently EPA-certified is the field-portable X-ray fluorescence spectrometer (XRF). Multiple companies that produce handheld XRF equipment explicitly state that lab-quality metal soil screening is an intended use (Bruker, n.d.; Olympus, n.d.; ThermoFisher Scientific, n.d.) . XRF technology has been used widely and effectively in the mining industry, but its application in urban agriculture has been relatively limited (Suh, Lee, & Choi, 2016) . However, according to Weindorf, Zhu, Chakraborty, Bakr, & Huang (2012) the XRF is capable of accurately quantifying some metals in soils sampled from a peri-urban agricultural setting. While the instrument is expensive due to its technical complexity, it can provide near real-time results for the analysis of several metals. Because the only costs associated with the XRF are the one-time expense of purchasing or renting the device with modest expenses for maintenance, the use of an XRF can possibly make widespread or repeat sampling over time more affordable compared to ICP-AES analysis. While, the expense of ICP-AES increases with each sample analyzed by the lab, the XRF only incurs an expensive for the purchase of the device itself. Furthermore, multiple users can share the XRF across numerous sites. If the XRF proves to be reliable, it is expected that there will be a point where the scale of the sampling becomes large enough to justify the costs associated with renting or purchasing an XRF. This could lead to widespread use of the XRF in urban agriculture and other applications where low to moderate concentrations of contaminants are possible.
An additional aim of this study is to determine the level of correlation between lead and the other contaminants. Copper, lead, and zinc concentrations have been found to be correlated in roadside soils contaminated by heavy traffic (Yan, Zhang, Zeng, Zhang, Devkota, & Yao, 2012) . Lead could be used as a proxy for other contaminants if similar correlations are found in this study. Because lead tests are often widespread and cheaper than tests for other contaminants, using lead as a proxy for other contaminants could help to reduce sampling costs.
Applied Research Methods

Site Selection
The majority of owners or managers of sites were contacted through the email listserv of Parkway Partners, a local urban agriculture group. An advertisement offering soil testing was sent to members and respondents were informed of the project's scope and sampling process. Other owners or managers were recruited directly by phone or email. Representatives from a total of 27 individual local sites responded to the email. Most of the sites were community or backyard gardens that grow produce intended primarily for personal consumption by the growers (93%, n=25). The remaining 7% (n=2) of the sites in our study were small businesses. Sites were located throughout most of the city. They were located in urban and suburban neighborhoods, including locations in Uptown, Central City, Mid-City, the Marigny, Seventh Ward, Downtown, New Orleans East, and Algiers. Some sites used raised beds while others planted inground.
Soil Sampling and Analyses
To determine the extent of metal contamination at urban agriculture sites in New Orleans, Louisiana, we performed soil analyses to identify and quantify metal contaminants present in the soil. A systematic sampling plan was developed for each site. A majority of sites had the farm or garden organized in rows, and a linear sampling strategy was used for these sites. For sites using raised beds, physical soil samples were collected randomly while the XRF was used in every raised bed. Sampling was limited to areas that were currently producing food or were slated for future production.
Sample analysis consisted of two general methods, field-portable and laboratory-based. The field-portable analyses were conducted using a hand-held XRF calibrated for surface soil analyses (Innov-X Systems, INC; Woburn, MA USA; Delta Dynamic Premium XRF; Model DP-6000). The XRF provides real-time analyses of metal concentrations, and, with each sample, the XRF will report the limit of detection (LOD: the lowest possible concentration that the instrument can accurately report). Researchers were instructed by a company representative to place the device on top of a clear plastic bag on the desired sampling location (to protect the lens from contamination) and pull the trigger. Three different wavelengths were emitted for 15 seconds each, for a total of 45 seconds per sample. The XRF analyzes an area of 10 mm 2 and penetrates to a depth of 2 mm (Kalnicky & Singhvi, 2001; Olympus, n.d.) . The minimum density of XRF soil analyses for each site was approximately one analysis per 300 ft 2 . There were only seven samples taken at the two smallest sites, 42 samples were taken at the largest site, and an average of 22 samples were taken at each site.
Soil samples were collected from the exact location where an XRF reading was conducted to allow for correlation analyses between the two instruments used in this study. The sample was collected by removing the top 13 cm by depth and placing the soil in a 237 mL jar. Each sample was geo-coded, and the jars were then delivered to Pace Analytical Services Inc., (St. Rose, LA) using a chain-of-custody approach. Laboratory analyses consisted of the EPA 6010 method (ICP-AES) to analyze for arsenic, cadmium, chromium, cobalt, copper, lead, nickel, and zinc. Mercury was analyzed using the EPA 7471 Cold Vapor-Atomic Absorption Spectrometry (CVAAS) method.
Further use of the term "laboratory analyses" will be in reference to ICP-AES and CVAAS. Pace Analytical Services Inc., certified by the Louisiana Department of Environmental Quality (LDEQ), conducted all laboratory analyses. Sites smaller than 1,000 ft 2 only had two samples taken, while all other sites larger than this had four samples taken. The majority of the sites (23) had four soil samples taken and analyzed by Pace, while the remaining four sites only had two soil samples analyzed, generating a total of 100 paired samples.
Statistical Analyses
Statistical analyses were performed using Prism version 6.0 (GraphPad Software, La Jolla, CA). For all analyses, a p-value of 0.05 was used to determine significance. The concentration distributions were not normally distributed as determined by the D'Agostino and Pearson omnibus normality test. Spearman's correlation was used to examine the relationship between XRF analysis and ICP-AES or CVAAS, linear regression was used to determine how well the XRF predicted ICP-AES results, and the Wilcoxon matched pairs test was used to determine if the paired groups were significantly different. A correlation matrix was developed to determine if one or more metals could be used as a proxy for other contaminants to reduce overall sampling costs. Samples below the limit of detection were calculated by dividing the LOD by the square root of two.
Results
Soil Concentrations
The XRF consistently showed higher results compared to the laboratory analyses. The XRF reported a higher minimum and median concentration of all metals, and a higher maximum concentration of all metals but lead ( Table 1) .
The percentage of sites with a sample above the LDEQ standard varied greatly as well. The XRF reported concentrations that exceeded the LDEQ standard much more frequently than the standard laboratory methods. The XRF reported at least one concentration that exceeded the LDEQ standard for cadmium, chromium, and mercury at all 27 sites (Table 2) .
T-tests and Correlation Analyses
Wilcoxan T-tests showed highly significant differences between XRF and laboratory analyses for all metals except copper. A summary of the median concentration differences can be seen in Table 3 .
The XRF produced higher results for all metals and, except in the case of copper, the results were all significantly higher (Figure 1) . Zinc, chromium, and cobalt had the largest differences between the two methods. Lead and zinc, while both significantly different, had the strongest correlation between methods.
To measure agreement between the two testing methodologies, two tests of correlation were run comparing paired samples for each metal: Spearman ρ and linear regression. Correlations between the XRF and laboratory analyses were significant (p<.05) for all metals, albeit with varying degrees of correlation. The least correlated metal was cadmium (ρ=0.27, p=0.0058) while lead was the most correlated metal (ρ=0.82, p<0.0001). Zinc was also highly correlated (ρ=0.78, p<0.0001). However, most metals showed poor to moderate correlation (ρ<0.6) ( Table 4) .
Correlation across instruments and metals was relatively poor, and lead does not appear to be a strong candidate to be used as a proxy for any of the other contaminants other than zinc. The least correlated pair was between copper measured by the XRF and cobalt measured by ICP-AES (ρ= -0.003). The highest correlation was between nickel and cobalt when both were measured by ICP-AES (ρ=0.89) ( Table 5) . 
Cost Analyses
A month-long XRF rental (US$4,000 per month; metals only) is equal to 50 samples of laboratory analyses. For two and three month rentals, it would take 100 and 150 samples, respectively, of laboratory analyses to equal the rental cost. Purchase of the XRF is a possibility as well. In order for sampling costs to equal the outright purchasing price of the XRF, 438 samples would need to be analyzed. Hypothetical costs for an individual in a cooperative showed that sharing a onemonth rental of the XRF between five people would cost US$800, the equivalent of 10 samples of laboratory analyses. A ten-person cooperative would require each individual to pay US$400, the equivalent of five samples of laboratory analyses. A 20-person cooperative would be required to pay US$200 for a monthlong XRF rental, which would be equivalent to 2.5 samples analyzed in the laboratory.
Discussion
The majority of the soil had contaminant levels below their respective standards and should be considered safe for gardening and consumption. However, the results were highly variable when comparing the concentrations between methods. The XRF generally reported higher soil concentration levels for the metals in our panel than laboratory analyses. Overall the XRF reported signifi- cantly higher concentrations for all metals except copper. This result is similar to that seen by Suh et al. (2016) , where the XRF consistently reported higher concentrations than their validated methods. Few metals in our study showed a strong enough correlation between XRF and laboratory analyses to validate the XRF as an accurate screening field tool. Lead and zinc were the only metals that had an R 2 higher than 0.74.
These weak correlations between methods have important implications in terms of soil screening that must meet healthbased and actionable regulatory standards. For example, most sites had no samples that exceeded the Louisiana Department of Environmental Quality (LDEQ) standard for all nine metals when using standard laboratory methods, whereas, in at least half of the sites, the XRF had at least one sample concentration that exceeded the LDEQ standard for four different metals. False positives when measured by the XRF could trigger further testing or unnecessary remediation efforts.
There are two primary factors likely affecting the accuracy of XRF screening: spectral effects and matrix effects. Spectral effects are caused when elements with similar spectral signatures are present in the same sample, and matrix effects can enhance or absorb the signal. A matrix without homogeneity can affect the accuracy of the readings as well (Schatzlein, 2015) . The high LOD of the XRF is another reason for the high number of samples and sites that exceeded the LDEQ standard. For example, while ICP-AES readily detects cadmium at levels below the LDEQ standard, the LOD for the XRF was nearly four times higher than the state standard.
Further sample preparation could help improve the accuracy of the XRF. A study conducted by Hu, Huang, Weindorf, & Chen (2014) had similar XRF results to ours when sampling in situ. However, when they removed the sample and performed further preparation and analysis ex situ, they saw the accuracy of the XRF improve to levels deemed acceptable by the EPA. While performing these extra sample preparations could have improved the accuracy of the results seen in our study, it would also raise the barrier for a layperson with minimal training to perform sampling, a potential major benefit of the XRF.
Correlation analyses between metals and instruments were not accurate enough to warrant any consideration of lead as a proxy for other contaminants. Most of the highest correlated results were within the same testing method, and some of these were artifacts of the high LOD, such as the correlation between mercury and chromium concentrations using the XRF.
The cost comparison between the XRF and laboratory methods was initially conducted assuming the accuracy of the results would be similar. Had that been the case, the XRF would serve as the more cost-effective solution for sampling as the number of samples increased. Given the relatively poor accuracy of the XRF compared to standard laboratory methods, cost should not be considered as a primary variable in deciding which method to use.
The interest shown by the growers in this study to have their soil tested indicated a great need in the urban agricultural community to provide testing that goes beyond soil nutrient and pH testing. To assist growers, agricultural extension programs should expand their capabilities in three ways. First, there is a need to provide resources for growers that address proper sampling strategies. This would allow growers to determine the range of contaminants in their soil with statistical certainty. Second, they need to expand their capability to include testing for common contaminants. Standard testing typically includes nutrients, pH, and lead. Third, educators need to provide information that explains to non-scientists what the results mean and how to minimize exposure. Kim et al. (2014) found that many growers were concerned about their ability to interpret soil contamination test results. Expansion of the CDC and ATSDR's soilSHOP program could help to provide resources to growers in underserved areas. However, the soilSHOP program only uses XRF technology for soil screening; results from our study indicate that the XRF is currently not accurate enough when used in situ (ATSDR, n.d.) .
This study sought to quantify contamination in urban agricultural soils using XRF and to determine the accuracy of the XRF when compared to standard laboratory methods. However, there were limitations that should be addressed in future studies. First, the sampling of sites was driven by requests from producers in response to the study advertisement. This could have led to self-selection bias in the sites sampled and possibly caused us to select more heavily contaminated sites due to concerns of the producers; however, producers would likely need to have some previous knowledge of contamination for that to be a factor. Second, the different depths of sample analysis corresponding to different methods could have contributed to the difference in results. Our study did not do any further preparation of the samples when sampling using the XRF. Further sample preparation, as shown by Hu et al. (2014) , could have improved our correlation results. However, this would have likely made the sample analysis more complicated than what would be done by a layperson sampling their site. Finally, while not a direct limitation of our study, soil standards are often developed from limited information and are sometimes "abstract from real environment conditions and arbitrary for site-specific conditions" (Desaules, 2012) . Additional studies using toxicology and epidemiology need to be conducted to improve soil standards so that they are tied to exposure and human health outcomes.
Further studies should focus on two distinct areas. First, in the area outside of the authors' expertise, there is a need for continued advancements in XRF technology. The ideal target would be the development of field-portable units that provide reliable results that meet or exceed EPA standard methods. Second, there is a need for research to inform policy in the development of health-relevant soil contamination standards. Not all standards are based on health risk models. Development of health-risk models to better determine safe contamination levels will inform government agencies, agricultural extension programs, and individual farmers and gardeners about safe exposure levels and gardening practices.
To conclude, this study found that urban agricultural sites in New Orleans were generally safe for growing produce intended for human consumption, based on standard laboratory methods of analysis. Furthermore, unless additional sample preparation is conducted, the accuracy of the XRF needs to be improved before it should be used to detect soil contamination levels in an urban agricultural setting. If improved, the ability of the XRF to rapidly analyze a great number of samples would make it an excellent tool for analyzing the safety of urban agricultural sites.
